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Abstract 
Proton acceleration by high-intensity laser pulses from ultra-thin foils for hadron therapy 
is discussed. With the improvement of the laser intensity contrast ratio to 10-11 achieved 
on Hercules laser at the University of Michigan, it became possible to attain laser-solid 
interactions at intensities up to 1022 W/cm2 that allows an efficient regime of laser-driven 
ion acceleration from submicron foils. Particle-In-Cell (PIC) computer simulations of 
proton acceleration in the Directed Coulomb explosion regime from ultra-thin double-
layer (heavy ions / light ions) foils of different thicknesses were performed under the 
anticipated experimental conditions for Hercules laser with pulse energies from 3 to 15 J, 
pulse duration of 30 fs at full width half maximum (FWHM), focused to a spot size of 0.8 
microns (FWHM). In this regime heavy ions expand predominantly in the direction of  
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laser pulse propagation enhancing the longitudinal charge separation electric field that 
accelerates light ions. The dependence of the maximum proton energy on the foil 
thickness has been found and the laser pulse characteristics have been matched with the 
thickness of the target to ensure the most efficient acceleration. Moreover the proton 
spectrum demonstrates a peaked structure at high energies, which is required for radiation 
therapy. 2D PIC simulations show that a 150-500 TW laser pulse is able to accelerate 
protons up to 100-220 MeV energies. 
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I. Introduction 
The nonlinear interaction of ultra-intense electromagnetic pulses, generated by compact 
laser systems, with plasmas has long attracted significant interest since it is accompanied 
by the effective conversion of laser energy into the energy of fast particles. Ion beams 
with a maximum energy of tens of MeV were observed in many experiments on laser 
pulse interaction with solid and gaseous targets [1-4]. This interaction was also 
thoroughly studied using 2D and 3D particle-in-cell computer simulations, which show 
that by optimizing the parameters of the laser pulse and the target it is possible to obtain 
protons with an energy of several hundreds of MeV [5-7]. The numerical and 
experimental studies suggest that proton therapy using compact laser systems may be 
practical [8-11].  
 
Hadron therapy is a constituent part of radiation therapy, which makes use not only of 
high-energy ion beams but also of, electron beams, and X-rays and gamma radiation to 
irradiate cancer tumors (for details, see [12] and the literature cited therein). Proton 
therapy has a number of advantages, since one of the main challenges of radiation 
therapy is to deliver a desired dose to the tumor without irradiating the healthy tissues 
around the tumor. The proton beam is insignificantly scattered by atomic electrons and 
the range of protons (g/cm2) with given energy is fixed, which helps to avoid undesired 
irradiation of healthy tissues around and behind the tumor. The presence of a sharp 
maximum of proton energy losses in tissues (Bragg peak) provides a substantial increase 
in the radiation dose in the vicinity of the beam stopping point (see [12]). Up to the 
present time conventional particle accelerators have been used to produce proton beams 
with the required parameters. The use of laser accelerators seems to be very promising 
because of their compactness and additional capabilities of controlling the proton beam 
parameters.  
 
The acceleration of the protons to the therapeutic energy range of 200-250 MeV is the 
critical first step in determining whether laser acceleration of protons can be used for 
cancer therapy [8-10]. Proton generation in this energy range will require focusing short 
laser pulses to intensities of 1022 W/cm2 or even higher, which is within reach of the 
current chirped pulse amplification (CPA) technology [13,14].  Aside from high particle 
energy, the therapeutic proton beam should provide a flux that is ≥1010 s-1 with low 
energy spread of about 1%, while the typical spectrum of laser accelerated particles have 
Maxwellian shape with a sharp cut-off and  an average energy several times less than the 
maximum particle energy. The selection of a narrow energy range near the end of such a 
spectrum would require an extremely high total number of laser triggered protons to meet 
radiotherapy needs. Therefore, we believe that the layered target design [15] for both 
increase of the number of accelerated ions and production of quasi-monoenergetic ion 
spectra will prevail in near future studies of high-energy proton generation for radiation 
therapy. Pre-plasma free interaction of the laser pulse with ultra-thin targets of solid 
density is necessary to achieve high-energy proton beams. However such interactions 
have not yet been accessible due to the low temporal intensity contrast of the existing 
laser systems. The temporal laser contrast, defined here as the ratio of the Amplified 
Spontaneous Emission (ASE) pre-pulse intensity to the peak intensity of the main pulse, 
must be at least 11 orders of magnitude for laser pulses with an intensity of 1022 W/cm2 
to avoid pre-plasma formation in the front of the target foil and preserve the physical 
integrity of the ultra-thin foil before the main pulse arrives.    
 
Several “pulse cleaning” techniques have been developed for ASE suppression: saturable 
absorbers [16], polarization rotation [17,18], double CPA [19], cross-polarized wave 
generation (XPW) before pulse stretching [20], plasma mirrors [21,22], and second 
harmonic generation after pulse compression. One of these techniques, XPW method, 
was recently implemented in Hercules laser at the University of Michigan leading to a 
contrast ratio of 10-11 [23]. This method exploits an induced anisotropy generated by the 
high-intensity main peak of the linearly polarized laser pulse in cubic and tetrahedral 
crystals that leads to the generation of a polarized wave perpendicular to the input 
polarization. After passing through the crystal, the intense part of the pulse can be 
separated from the pre-pulse by inserting a polarizer.  
 
In this paper we study the interaction of a super-intense, ultra-clean, ulta-short, tightly 
focused laser pulse with double-layer (heavy ions/ light ions) submicron foils of different 
thicknesses under the anticipated experimental conditions for Hercules laser in 2D PIC 
simulations. We show that prepulse-free 150-500 TW laser pulses focused to intensity 
1022 W/cm2 or even higher can produce protons with energies that are of interest for 
proton radiation therapy, i.e. 100-220 MeV. Simulations also indicate that the typical flux 
of high-energy protons is ~4 x 108 per laser shot. Thus, under these conditions, it appears 
that a laser repetition rate of 25 Hz is required to produce flux of 1010 protons/second 
needed for medical applications. 
 
The usual scenario of ion acceleration often discussed in both the experimental [1-3] and 
the PIC simulation [5,6,24-29] literature, is acceleration by the sheath of hot electrons 
generated by the high-intensity laser pulse at the front of the target. As the laser heats and 
accelerates these electrons they propagate through the entire target.  When escaping the 
rear side of the foil, the electrons set up an electric field due to space-charge separation, 
which accelerates ions out of the target [27]. This mechanism is usually referred to as 
target normal sheath acceleration (TNSA).The use of ultra-thin targets in recently 
reported experiments [30-32] did not reveal a new mechanism of acceleration due to not 
sufficient laser pulse power and focused intensity. While the energy increase with the 
decrease of target thickness was shown, the results can be explained in the framework of 
TNSA. Several other regimes of ion acceleration from thin foils were theoretically 
considered: Coulomb Explosion [33], the Laser Piston regime [34], enhanced TNSA [35], 
and Coulomb mirror [36]. 
 
In this paper, we discuss a different mechanism of ion acceleration, namely, the pre-
plasma free interaction of an intense laser pulse, I~1022 W/cm2 with a solid, double-
layered, sub-micron thick foil. Such a target was first proposed [8] in order to improve 
the quality of the accelerated proton beam. We should note that the pre-plasma free laser-
solid interaction can not be achieved with standard laser intensity contrast ratios of 10-8 or 
worse, which do not allow direct interaction of the main laser pulse with the solid density 
foil at peak intensities above ~1019 W/cm2 due to the formation of a pre-plasma.  Now 
this regime is accessible due to the contrast improvement up to 10-11 as reported in Ref. 
[23]. In this regime, compared to previously discussed schemes, the pulse not only expels 
electrons from the irradiated area but also accelerates the remaining ion core, which 
begins to move in the direction of pulse propagation. Then these heavy ions experience a 
Coulomb explosion due to the excess of positive charges, forming a strong longitudinal 
electric field moving with them. The light ions are accelerated in this moving electric 
field. 
 
II. Materials and Methods  
In this section we describe PIC simulations for proton acceleration from thin foil targets, 
under the anticipated experimental conditions on the Hercules laser (3 to 15 J, a contrast 
ratio of 10-11, pulse duration at FWHM of 30 fs, focused to a spot size of 1 λ). The laser 
pulse illuminates front side of thin submicron target, which consist of electrons and heavy 
ions. At the rear side of target the layer of plasma with electrons and light ions – protons 
is attached. The principal scheme of laser interaction with double layer (heavy ions / light 
ions) is shown in Fig. 1.  
 
Fig. 1 The principal scheme of laser ultra-thin double-layer (heavy ions / light ions)  foil interaction. 
The laser pulse is focused at distance f from the left border into focal spot with diameter d.  l is the 
thickness of heavy ion layer, lH is the thickness of light ion layer. 
 
II.A. Scaling of Proton Acceleration. 
When an intense laser pulse, I~1022 W/cm2, directly interacts with an ultra-thin foil, it 
ionizes the target in a few femtoseconds maintaining the integrity of overdense plasma.  
Hence, the foil can be approximated as a thin layer of overdense plasma in these 
simulations.   
 
It is reasonable to assume that under the action of the intense laser pulse, the electrons are 
evacuated from the foil region with transverse dimensions of the order of the focal spot 
diameter. For multi-terawatt laser pulses with femtosecond duration, the typical timescale 
of the hydrodynamic expansion of a submicron plasma slab is much longer than the laser 
pulse duration.  Under these conditions heavy ions remain at rest, which results in the 
formation of a positively charged layer of heavy ions.  However, after a time interval 
equal to or longer than the inverse of the heavy ion Langmuir frequency, the heavy ion 
layer explodes because of the repulsive Coulomb force.  Moreover, if the laser field is 
much stronger than the Coulomb attraction field, the ions cannot retain electrons near the 
backside of the target, which leads to ion acceleration in the so-called Coulomb explosion 
regime [9,33,36].  
 
In order to expel all the electrons and achieve Coulomb Explosion the following 
condition on laser electromagnetic vector-potential, a = 0.85 (I [W/cm2] λ2[µm] 10-18 )1/2 
and foil thickness l must be satisfied 
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Here, Ne is the electron density, ncr is the plasma critical density, and λ is the laser 
wavelength. This regime is realized for very thin foils and strong laser pulses. In order to 
estimate the typical energy of the accelerated ions in the Coulomb explosion regime, we 
assume that all the electrons produced by the ionization in the focal spot region are forced 
to leave the foil.  In this case, the electric field near the positively charged layer is, 
elZNE iiπ20 = , where Ni is the heavy ion density in the foil, and eZi  is the heavy ion 
electric charge. The size of the region where this estimation for E0 is valid is of the order 
of the focal spot size, d, in both transverse and longitudinal directions providing one-
dimensional regime of ion acceleration.  While this condition persists, ion acceleration is 
predominantly one-dimensional.  When the ions leave this region, the Coulomb explosion 
regime becomes three-dimensional, leading to an immediate drop in ion acceleration 
efficiency [37]. Thus proton layer is accelerated at the distance ~d by the electric field 
produced by heavy ions, elZNE iiπ20 = , and the maximum energy of the protons can be 
estimated as 
                                           2max i iE N Z e ldπ= , (2) 
It follows from Eq. (2) that, maxE , increases linearly with foil thickness. However, the foil 
thickness, l, in equation (2) must satisfy the Coulomb explosion regime condition given 
by Eq. (1), / cr el an Nλ π< .  Correspondingly, one may conclude that for given laser 
intensity and plasma density there is an optimum foil thickness, for which the accelerated 
ions reach maximum possible energy. Further increasing of foil thickness does not 
provide ion energy increase. In accordance with Eq. (1), for Coulomb explosion regime 
the optimal thickness is proportional to a and maximum possible proton energy scales 
as maxE a m c dω∝ .  
 
For thicker (but still submicron) foils there is one more mechanism of ion acceleration 
due to light pressure. This mechanism, which works for finite reflectivity is discussed for 
one species ion acceleration in laser piston regime [34].  For very thin target laser light 
just transmits through a foil without pushing it. The transparency condition has the form 
[38] / /e crl aN nλ π< , that coincides with Coulomb explosion condition (1). When a foil 
is thicker laser light reflects and accelerates foil by radiation pressure.  In this case the 
laser field acts as a piston driving a flow of heavy ions tearing foil across. The velocity of 
heavy ions, vi, can be estimated from momentum equation of the foil mirror  
1 2ii
e
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where R and T are the target reflectivity and transmittance,  and mi is the heavy ion mass.  
If the target thickness is the order of l0= /e craN nλπ  or somewhat larger the both 
mechanism contribute to proton acceleration. Even if electrons of the foil are not 
completely evacuated from the focal spot and electric field and, correspondingly, proton 
energy due to Coulomb explosion is reduced, the radiation pressure can compensate for 
this providing some proton energy increase. At the same time, for thick enough foils the 
radiation pressure effect will be small and one has to expect that the maximum ion energy 
decreases with l. Hence it is expected that the maximum peak proton energy as a function 
of foil thickness has maximum somewhere at l>l0. Due to light pressure the heavy ions 
expand predominantly in the direction of laser pulse propagation and produce moving 
longitudinal charge separation electric field which accelerates the proton layer.  
   
The final proton energy according to the acceleration mechanisms described can be 
estimated as 
v 2 ,i pW W m W′ ′= +     (4) 
where vi  is the heavy ions velocity defined by Eq. (3), pm is the proton mass and W ′ is 
the energy that protons gain in the charge separation field, defined in the moving 
reference frame of the heavy ions (the maximum value of W ′  is given by Eq. (2)). 
 The results of 2D PIC simulations (see section III) indicate the existence of a peak at high 
energies in the accelerated proton spectrum. 
 
II.B. 2D PIC simulations. 
In our numerical model with the 2D PIC code REMP (Relativistic ElectroMagnetic 
Particle, which is a mesh code based on the particle-in-cell method [39]), the acceleration 
of ions in high-intensity laser interactions with the thin solid-density foils is studied by 
using an ultra-thin two-layer aluminum-hydrogen foil.  This code exploits a new scheme 
of current assignment that significantly reduces unphysical numerical effects of the PIC 
method [39].  In the simulations presented here, the uniform grid mesh size is λ/200, and 
the space and time scales are given in units of λ and 2π/ω, respectively, where λ and ω, 
are the laser pulse wavelength and frequency respectively.  The simulations are 
performed with 25 particles per cell.  
 
The interaction of the laser pulse with the foil is simulated on a grid with size of (x, y) = 
(20λ, 10λ). The laser pulse is introduced at the left boundary and propagates along the x-
axis, from left to right.  The pulse is linearly polarized along the z-axis.  The temporal and 
spatial profiles of the pulse are Gaussian. The target is a double layer aluminum-
hydrogen foil.  The following parameters were used in simulations: laser power of 150-
500 TW, pulse duration of 30 fs, and a spot size of 1.0λ (FWHM).  The aluminum layer 
thickness was varied from l=0.0125λ to l=0.2λ. The electron density of the foil is 400ncr, 
where ncr is the critical density of the plasma. The hydrogen layer thickness was 0.05λ 
with an electron density of 10ncr.  
 
 
III. Simulation Results. 
In this section we present the results of the 2D PIC simulations of proton acceleration 
process in the pre-plasma free interaction of the laser pulse with the ultra-thin double 
layer foil. Since the effectiveness of proton acceleration depends not only on the laser 
pulse parameters but also on the foil thickness, they should be matched to each other to 
ensure the best acceleration regime. We first study the effect of the foil thickness on the 
maximum energy of protons for different laser powers (see Fig. 2). 
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Figure 2. The dependence of the proton maximum energy on the foil thickness for different values of 
the laser pulse power: 150 TW (dashed curve), 300 TW (dotted curve), and 500 TW (solid curve). 
 
One can clearly see that each curve has a maximum which corresponds to the optimal 
target thickness. The values of maximum proton energy corresponding to different laser 
powers almost coincide for target thickness 0.05l λ<  (see Fig. 2). The maximum energy 
E, MeV 
l, λ
of protons exhibits very weak dependence on the laser pulse power. It is due to the fact 
that for these thicknesses the condition of Coulomb Explosion is well fulfilled and the 
protons are accelerated by the total positive charge separation field of exploding 
aluminum layer that builds up after all the electrons are evacuated by the laser pulse. The 
strength of the Coulomb field is determined by this positive charge in the irradiated 
volume, which is proportional to the thickness of the foil and density of aluminum, and 
not by the laser pulse power.  
 
The increase in target thickness manifests more pronounced radiation pressure effect on 
ion acceleration. In spite of the fact that laser pulse is no longer able to burn through the 
foil, it instead deposits energy into heavy ions and accelerates them by radiation pressure 
due to partial reflection. Then the moving heavy ion layer experiences Coulomb 
Explosion due to the excess of positive charge and transforms into a cloud expanding 
predominantly in the direction of laser pulse propagation. This expanding cloud generates 
a moving charge separation longitudinal electric field that accelerates the proton layer 
(see Fig. 3 a, b). That is why we refer to this regime of acceleration as the Directed 
Coulomb Explosion (DCE) regime. Note that radiation pressure impact on the maximum 
proton energy is proportional to laser intensity. So, with increase of laser intensity this 
effect becomes well pronounced. 
 
In order to illustrate the process of proton acceleration in a moving longitudinal field in 
the DCE regime we present Fig. 3a and 3b. In Fig. 3a the distribution of electron density 
in the (x,y) plane at t=23 cycles is shown. In Fig. 3b the distributions of ion and proton 
density along with the distribution of the longitudinal component of the electric field in 
(x,y) plane at t=23 is shown. Here we see that the proton layer is accelerated in the 
moving longitudinal field, generated by the heavy ion layer expanding predominantly in 
the direction of laser pulse propagation. 
 
 
Figure 3. (Color online) Interaction of a 500 TW laser pulse with a 100 nm thick aluminum-hydrogen 
foil. a) The distribution of electron density in (x,y) plane at t=23; b) The distribution of proton and 
Al+13 ion density along with the distribution of longitudinal component of electric field in (x,y) plane.  
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Figure 4. Spectrum of accelerated protons for a 500 TW laser pulse interacting with a 100 nm thick 
aluminum-hydrogen foil at t=36 (a).  The dependence of the relative width of high energy peak on 
laser pulse power (b). 
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The spectrum of protons is presented in Fig. 4a, where one can see a peak near the energy 
cutoff with a width of about 10 MeV. Such a peak formation is typical for Coulomb 
Explosion of a target with heavy and light ions [40,41]. The width of the peak is 
determined by the initial thickness of the proton layer thus providing one more parameter 
to control the spectrum. Since the absolute width of the peak almost does not depend on 
laser pulse power, the relative width of the peak decreases with increase of power due to 
increasing of average peak energy (Fig. 4b). Moreover the advantage of using the double-
layer foil is that all the protons from the focal spot are accelerated [8], so the number of 
accelerated particles does not depend on the laser pulse power.      
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Figure 5. (Color online) The dependence of the maximum proton energy on the laser pulse 
power for optimal target thickness (squares)  fitted by curve 1, and for the 0.1λ thick foil (triangles)  
fitted by  curve2. 
 
In Fig. 5 we present the dependence of the maximum proton energy on the laser pulse 
power for optimal target thickness as well as for a given foil thickness. The first curve 
follows a square root dependence reported before [42], while the dependence of the 
1 E, MeV 
P, TW 
2 
maximum proton energy scaling for given foil thickness is linear up to the one petawatt. 
Similar dependence was reported in [43], where the multiparametric PIC simulations of 
proton acceleration from the double-layer foil were performed. The linear dependences 
reflects the fact that radiation pressure prevails in proton acceleration due to laser light 
reflection from the foil. Increasing of laser power above one petawatt results in 
transparency of the foil, whose thickness is now not optimal, that changes the proton 
acceleration regime. The latter means that further laser power increase does not affect 
proton energy through Coulomb explosion since all the electrons are removed from the 
focal spot. 
 
However at high values of laser power the maximum proton energy still slowly increases, 
indicating that another mechanism of proton acceleration comes into play. We 
analytically estimated the maximum energy which proton can acquire in the electrostatic 
field, extracted from PIC simulation. We found that proton energy should be  lower by 
30% than the one obtained in PIC simulations (see Fig. 6). So the electrostatic field can 
no longer account for proton acceleration alone. It seems that the direct acceleration of 
protons by the laser pulse burning through the foil can be a possible acceleration 
mechanism in addition to the Coulomb Explosion. That is why the proton energy is still 
increasing.  
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Figure 6. The dependences of maximum proton energy (solid curve) and maximum longitudinal 
electric field value (dashed curve) on time in the interaction of a 1 PW laser pulse with 0.1λ double-
layer foil (PIC simulation results). The estimated maximum proton energy in such longitudinal field 
is presented by dotted curve.  
Let’s explain 30% energy gain.  For this we estimate the proton energy gain which has an 
initial longitudinal momentum, 0p , in the plain electromagnetic wave with vector 
potential A
G
. It follows from the equations of motion that the generalized momentum is 
conserved, /p eA c const⊥ − =
GG , and proton energy and longitudinal momentum are related 
to each other in accordance with the integral of motion : 
2 4 2 2 2 2 2 4 2 2
0 0p pm c p c p c p c m c p c p c⊥+ + − = + −& & , here p⊥  and p&  are transversal and 
longitudinal proton momentum components in the plain wave. Taking into account the 
fact that /p eA c⊥ =
GG  we get for the energy gain in the non-relativistic case 
2
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T, 2π/ω 
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ExPIC 
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Here /p pa eA m c= , pm  is the proton mass, W∆  is the absolute proton energy gain. We 
should note here that according to Lawson-Woodward theorem a free charged particle 
cannot gain any energy from the traveling plane electromagnetic wave over an infinite 
distance. However this theorem is no longer valid if the particle is injected inside the 
wave or interacts with a sharp (characteristic size less than a wavelength) wave front, 
which is the case in direct acceleration when the laser pulse burns through the target foil.  
 
For a 1 PW laser pulse and 300 MeV protons it will give / 3%W W∆ ∼ . So the 
acceleration cannot be described as for the plane wave and cannot account for the 30% 
difference between the energy gain due to longitudinal field and the total energy gain of 
protons. However the laser pulse burning through the foil is not a plane wave but a 
focused pulse, where the accelerated particle energy gain is no longer proportional to ap2, 
but to ap [44,45]. If we consider the energy gain of a pre-accelerated proton in a focused 
pulse, then 
0
2 1p
p p
pW a
m c m c
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∼ , 
giving a 25% proton energy increase. This energy increase is in good agreement with the 
results of computer simulations. Thus we can conclude that for high pulse power a new 
mechanism of acceleration comes into play: a laser pulse that burns through the foil 
further accelerates the protons. However, in this case efficiency of the energy conversion 
to the protons is much smaller than in the case of the pure Coulomb field acceleration. So 
it turns out that to generate protons with higher energy it is beneficial to stay in the 
regime of Directed Coulomb Explosion not allowing the pulse to burn through the foil. 
This can be simply achieved by proper choice of foil thickness. 
 
IV. Discussion and Conclusions. 
The investigation of multilayer targets use, as well as exploiting different regimes of 
laser-target interaction, is needed to the increase of the number of accelerated protons and 
production of quasi-monoenergetic proton spectra. The pre-plasma free interaction of a 
high-contrast laser pulse with ultra-thin solid targets can be a good candidate for possible 
laser-target design. 2D PIC simulations of such interaction were performed under the 
anticipated experimental conditions (3 – 15 J laser energy, 30 fs pulse duration, f/D=1.5, 
focusing into 1022 W/cm2). The simulation demonstrated a strong dependence of the 
accelerated proton energy on the target thickness, indicating the existence of the optimal 
foil thickness which yields most energetic protons. For the optimal foil thickness, a new 
mechanism of acceleration comes into play, which is different from both target normal 
sheath and Coulomb Explosion acceleration. The laser pulse not only expels electrons 
from the irradiated area but also accelerates remaining heavy ions, which begin to expand 
due to Coulomb repulsion of excess positive charge predominantly in the direction of 
laser pulse propagation. The expanding heavy ion cloud generates a moving longitudinal 
charge separation electric field that efficiently accelerates protons from the second layer. 
We showed that for the anticipated experimental conditions the proton acceleration is 
only due to this longitudinal field. That is why we refer to this regime as the Directed 
Coulomb Explosion regime. We showed that it is more advantageous from the point of 
view of control and efficient generation of more energetic protons to employ the DCE 
regime, not allowing the pulse to burn through the foil. The proper matching of the target 
thickness to the properties of the pulse is the way to solve this problem.    
 
The performed simulations indicate that a 500 TW laser pulse (1.0 λ FWHM) interacting 
with a 75 nm thick double-layered target is needed to reach a therapeutic energy of about 
230 MeV (peak flux at 230 MeV of 4 x 108 protons per pulse, an energy spread of 10 
MeV and an emittance of 0.1 mm mradπ i ).  Under these conditions, 25 pulses per 
second would be needed to provide the necessary beam current for therapeutic 
applications. Moreover the advantage of using the double-layer foil is that all the protons 
from the focal spot are accelerated, so the number of accelerated particles does not 
depend on the laser pulse power, which allows the planning of the therapeutic dose.  The 
energy spread of protons which we demonstrate is too high to meet the requirements of 
hadron therapy. However the use of collimators can reduce the energy spread, utilizing 
the fact that low energy protons have larger divergence angle. The trade off is that the 
number of protons will decrease, which will require higher repetition rate of the laser 
system. 
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